A fragment of the Salmonella typhimurium ethanolamine utilization operon was cloned and characterized. The 6.3-kb nucleotide sequence encoded six complete open reading frames, termed cchA, cchB, eutE, eutJ, eutG, and eutH. In addition, the nucleotide sequences of two incomplete open reading frames, termed eutX and eutI, were also determined. Comparison of the deduced amino acid sequences and entries in the GenBank database indicated that eutI encodes a phosphate acetyltransferase-like enzyme. The deduced amino acid sequences of the EutE and EutG proteins revealed a significant degree of homology with the Escherichia coli alcohol dehydrogenase AdhE sequence. Mutations in eutE or eutG completely abolished the ability of mutants to utilize ethanolamine as a carbon source and reduced the ability to utilize ethanolamine as a nitrogen source. The product of eutE is most probably an acetaldehyde dehydrogenase catalyzing the conversion of acetaldehyde into acetyl coenzyme A. The product of the eutG gene, an uncommon iron-containing alcohol dehydrogenase, may protect the cell from unconverted acetaldehyde by converting it into an alcohol. The deduced amino acid sequence of cchA resembles that of carboxysome shell proteins from Thiobacillus neapolitanus and Synechococcus sp. as well as that of the PduA product from S. typhimurium. CchA and CchB proteins may be involved in the formation of an intracellular microcompartment responsible for the metabolism of ethanolamine. The hydrophobic protein encoded by the eutH gene possesses some characteristics of bacterial permeases and might therefore be involved in the transport of ethanolamine. Ethanolamine-utilization mutants were slightly attenuated in a mouse model of S. typhimurium infection, indicating that ethanolamine may be an important source of nitrogen and carbon for S. typhimurium in vivo.
Ethanolamine is, in the form of phosphatidylethanolamine, an essential component of both prokaryotic and eukaryotic membranes (32) . The efficient recycling of components such as membrane lipids and proteins is of great importance for survival of microorganisms living in natural habitats (3, 23, 25, 39) . A metabolic pathway for ethanolamine utilization might therefore be an important survival strategy against the constant famine that microorganisms face in nature, although so far there is no experimental evidence to support this hypothesis (13, 24) . In addition, ethanolamine found in the mammalian gastrointestinal tract may present an important alternative source of nitrogen and carbon for bacteria living in the gut. Therefore, it should not be surprising that many enterobacteria, including Escherichia coli and Salmonella typhimurium, can use ethanolamine as a source of both carbon and nitrogen (5, 43) . Roof and Roth isolated a large number of S. typhimurium mutants which were deficient in different stages of ethanolamine utilization (36) . An elegant genetic analysis of these mutants revealed six complementation groups in the ethanolamine utilization operon located at 50 min on the S. typhimurium chromosome (37) .
Ethanolamine ammonia lyase, encoded by the eutB and eutC genes, is the first enzyme in the metabolic pathway, converting ethanolamine to acetaldehyde and ammonia (43) . eutE mutants lacking the activity of acetyl coenzyme A (CoA)-dependent acetaldehyde dehydrogenase are unable to further process acetaldehyde into acetyl-CoA (37) . At least two other mutations, eutD and eutA, coding for yet-unknown proteins, were isolated as ethanolamine utilization-deficient mutants (37) . A peculiarity of ethanolamine utilization is its dependence on vitamin B 12 ; i.e., the EutBC enzyme requires adenosylcobalamine as a cofactor for catalysis (5, 43) . Furthermore, the induction of the eut operon depends on the presence of the transcriptional activator EutR, encoded by the gene at the distal end of the operon, and the presence of both ethanolamine and adenosylcobalamine (36, 38, 44) . Although well studied by classical genetic techniques, the genes as well as their functions necessary for the utilization of ethanolamine as a carbon source remain undefined.
In this study we present the nucleotide sequence and mutational analysis of the part of the part of the ethanolamine utilization operon. Several new genes are identified, the products of which were previously not suspected to be involved in the metabolism of ethanolamine. Furthermore, two small open reading frames (ORFs) identified in this study show a high degree of homology in their primary structures to cyanobacterial proteins involved in the formation of carboxysomes or carbon dioxide storage structures (45) .
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacteria and plasmids used in the study are listed in Table 1 . Bacteria were routinely grown in LB medium or on LB agar (26) . Utilization of ethanolamine as both a carbon and energy source was determined in carbon-free NCE (9) or Vogel and Bonner E minimal medium (51) supplemented with 0.2% ethanolamine hydrochloride (Aldrich Co.). Utilization of ethanolamine as a nitrogen source was investigated on NCN nitrogen-free minimal medium (33) with glycerol (0.2%) as a carbon source. Cyanocobalamin or adenosylcobalamine (Sigma Chemical Co.) were used as exogenous vitamin B 12 sources. The following antibiotics at the concentrations indicated were used on rich media: chloramphenicol, 30 g/liter; ampicillin, 100 g/liter; tetracycline 12.5 g/liter; and kanamycin, 50 g/liter.
Plate assay for ethanolamine utilization. Strains were streaked onto plates, and a paper disc soaked in vitamin B 12 solution (10 mg/liter) was placed in the center of the plate. The growth of the strain around the disc was scored after 24 to 48 h of aerobic incubation at 37ЊC. Alternatively, 25 l of an overnight culture of the strain was inoculated into 3 ml of 0.7% water-Noble agar (Difco) and applied onto either NCE or NCN plates. Paper discs soaked in vitamin B 12 solution were placed in the center of the plate, and the growth zone around the disc was scored after 24 to 48 h of aerobic incubation at 37ЊC.
In vivo expression of plasmid-encoded genes from T7 promoter. Plasmids were transformed into E. coli BL21(DE3). The ORFs downstream of the T7 promoter (49) were transcribed in vivo by inducing an IPTG (isopropyl-␤-D-thiogalactopyranoside)-controlled T7 RNA polymerase in the presence of rifampin (20 mg/liter) and [ 35 S]Met (Trans-label; ICN). Labelled proteins were separated on sodium dodecyl sulfate (SDS)-10% (and 15%) polyacrylamide gels or on Tricine-SDS polyacrylamide gels (40) to visualize proteins smaller than 10 kDa. Expression studies were also performed in vitro with an in vitro expression system (E. coli S30 extract system for circular DNA templates; Promega).
DNA nucleotide sequence determination. Nested deletions at the 5Ј and 3Ј ends of the inserts carried by plasmids pIRS500, pIRS501, pIRS502, and pIRS504 were created by using the Erase-a-Base kit (Promega). Primers were used to fill gaps in the sequence. Plasmids pIRS607 and pMS304 were used as templates. Plasmids were isolated by using a Qiagen plasmid isolation kit and sequenced by the dideoxy chain termination method (42) with the use of a Sequenase sequencing kit with deaza nucleotides (U.S. Biochemical Corp.). Sequencing reaction mixtures were loaded onto 6% polyacrylamide-urea gels prepared by using a sequencing gel mix (19:1 ratio) (Boehringer, Mannheim, Germany) and run on a Bio-Rad sequencing apparatus. Complete sequences of both DNA strands were obtained by these methods.
Genetic techniques.
The Km resistance cassette (KIXX; Pharmacia) and the pGP704 suicide vector (27) were used in all gene inactivation experiments. The restriction sites used for gene inactivations are shown in Fig. 7 . Plasmids carrying inactivated genes are listed in Table 1 . Plasmids were transformed into E. coli S17.1 pir (27), which allows replication of the suicide plasmid pGP704 and its derivatives. Plasmids carrying the oriT region of RK2 (such as pGP704) are mobilized by conjugation from strain S17.1 into any strain by the plasmid transfer functions inserted in the chromosome of S17.1. Plasmids pIRS505, pIRS501GP, pIRS504GP, pIRS541GP, and pIRS546GP were introduced separately into a Nal r strain of S. typhimurium (IR715) by conjugation, and Nal r Km r colonies were selected. Ampicillin-sensitive colonies, originating from a double crossover with the S. typhimurium chromosome were studied further. Mutations were verified by Southern hybridization (40) and/or by P22 cotransduction analysis (9) with the eutE::Tn10 marker (data not shown).
Electroporation. Electroporation experiments were done by using an electrocell manipulator 600 (BTX, San Diego, Calif.) according to the manufacturer's instructions. Briefly, bacterial cells from 50 ml of overnight culture (LB) were pelleted by centrifugation at 4ЊC and washed five times with 10 ml of cold deionized water. Finally, cells were resuspended in 0.5 to 1 ml of cold deionized water and immediately used for electroporation. For each electroporation, 70 l of cells and 1 l (0.3 to 1 g of DNA) of Qiagen-purified plasmid DNA were used.
Computer analysis. The analyses of the nucleotide sequence and the ORFs found in it were done with the PC/GENE software package (Intelligenetics Inc., Calif.) and with the BlastX, BlastP, and TblastN programs.
Nucleotide sequence accession number. The GenBank accession number for the nucleotide sequence shown in Fig. 2 is U18560. 
RESULTS
Cloning of part of ethanolamine utilization operon. Strain MS1 carries one of the several attenuated mutations of S. typhimurium described by Fields et al. (12) and was recently mapped at 50 min on the S. typhimurium chromosome (2) . Partial nucleotide sequence analysis of Tn10-flanking regions revealed that the insertion lies in a gene coding for an undescribed dehydrogenase-like protein (2) . By using the Tn10 flanking region as a DNA probe, the cosmid pMS300 carrying homologous sequences was isolated from an S. typhimurium cosmid library (21) . Further subcloning identified a 6.3-kb HindIII DNA fragment (pMS304) as the source of a positive hybridization signal.
Nucleotide sequence and ORF analysis of 6.3-kb HindIII fragment. To identify the genes carried on the 6.3-kb HindIII fragment, several subclones were constructed, and the nucleotide sequence of the entire insert was determined. Figure 1 shows a restriction map of the 6.3-kb HindIII insert as well as several plasmids derived from it. Analysis of the nucleotide sequence revealed at least eight ORFs, all but one of which are located on the same DNA strand ( Fig. 1 and 2 ). Analysis of the second DNA strand identified one ORF starting at position 3349 and ending at position 1796. There were no well-conserved Shine-Dalgarno sequences in front of the Met codon.
Expression of this ORF by using the T7 system did not yield any protein product (data not shown). The nucleotide base composition of the HindIII fragment was unusual for Salmonella genes, in that its GC content was 60 mol%, far above the average (53 mol%) for Salmonella spp. (28) . Within the 6,300 bp sequenced, two hairpin-like structures were identified: the first was centered within the 3Ј end of the eutG gene at position 4807, and the second was located in the 5Ј end of the eutH gene at position 5039. Whether these sequences play a role in regulation of ethanolamine utilization is not clear at present.
Compared with protein sequences in the GenBank database, the first incomplete ORF, eutI, extending from position 2 to 729, showed significant similarity to the sequences of phosphate acetyltransferases (Pta) from Paracoccus dentrificans (50) and Methanosarcina thermophila (19) . The identity of the amino acid sequences in the C-terminal halves of these proteins approached 55 and 48%, respectively. The gene coding for the S. typhimurium phosphate acetyltransferase enzyme is located at 46 min on the chromosome, separated from the Tn10 mutation in the MS1 mutant, which is located at 50 min (41). It is therefore highly unlikely that ORF1 is the S. typhimurium pta gene. eutI may encode a phosphate acetyltransferase-like enzyme which catalyzes an unknown metabolic step in ethanolamine utilization.
Identification of S. typhimurium proteins similar to cyanobacterial carbon dioxide-concentrating proteins. ORF2, encoding a 96-amino-acid protein, is located 40 bp downstream of the pta gene. A well-conserved Shine-Dalgarno sequence (GGAAG) was identified 11 bp upstream of the start codon. There were no typical promoter-like sequences in the pta-ORF2 intergenic region, indicating that these genes might form an operon. Interestingly, the ORF2 protein strongly resembled the pduA gene product of S. typhimurium (6) and CcmK, a protein from Synechococcus sp. involved in concentration of carbon dioxide (31) . A high degree of similarity between ORF2 and the CsoS1 and CsoS3 gene products from Thiobacillus neapolitanus was also observed (11) . When aligned individually, ORF2 has the highest degree of identity to PduA (61.5%) followed by CsoS1 (54.5%) and CcmK (49%). All these proteins also have similar secondary structures, with approximately 50% alpha-helices (data not shown). An amino acid comparison between four of these proteins is shown in Fig. 3 . The high overall similarity observed in amino acid sequence (64.1% overall similarity and 31% identical amino acid residues) indicates that all of these proteins might serve similar functions in cell metabolism.
ORF3, coding for a 99-amino-acid protein, begins 105 bp downstream of the ORF2 stop codon. A high degree of identity between the CcmL protein (31) and ORF3 (36% identical amino acid residues) implies analogous functions. The CcmL protein together with CcmK is involved in the carbon dioxide concentration mechanism in cyanobacteria, ensuring high concentrations of CO 2 in the vicinity of ribulose-1,5-phosphate carboxylase (1, 4, 31) . In order to emphasize the similarity between CcmKL proteins and ORF2 and ORF3, the latter two proteins were named CchA and CchB (carbon dioxide concentration homologs A and B).
The product of the eutE gene is likely an acetaldehyde dehydrogenase. The initiation codon of ORF4 is located 11 bp downstream of the cchB termination codon. The ORF4 gene encodes a 476-amino-acid protein with 45% similarity (29% identity) to E. coli alcohol dehydrogenase AdhE (15) . As can be seen in Fig. 4A , the alignment between ORF4 and AdhE is limited to the N-terminal part of E. coli AdhE. E. coli AdhE possesses both alcohol and acetaldehyde dehydrogenase activities (15, 22) . The C-terminal part of AdhE resembles some alcohol dehydrogenases (see below). This implies that the aldehyde dehydrogenase activity is provided by the N-terminal part of AdhE. The similarity between EutE and the N-terminal part of AdhE argues that the eutE-encoded protein may be an aldehyde dehydrogenase. However, there was not a high degree of similarity between the putative EutE aldehyde dehydrogenase and either the DhaL aldehyde dehydrogenase of E. coli (18) or the NAD-dependent E. coli lactaldehyde dehydrogenase (data not shown). We propose that the product of ORF4 (eutE) is the acetaldehyde dehydrogenase involved in the processing of ethanolamine. A Tn10-generated mutation from strain MS1 was previously mapped to the eutE gene (2) .
EutJ resembles some chaperone-like proteins. Immediately downstream from the eutE stop codon is a fifth ORF, eutJ, preceded by a fairly well-conserved Shine-Dalgarno sequence (Fig. 2) The eutG gene may encode an iron-containing alcohol dehydrogenase. The 5Ј end of the sixth ORF (eutG) overlaps the end of the eutF gene. eutG encodes a 391-amino-acid protein which resembles several alcohol dehydrogenases (Fig. 5) . The most pronounced similarity was found between the eutG-encoded protein and the Bacillus methanolicus methanol dehydrogenase (type III alcohol dehydrogenase; 49% overall similarity and 33.6% identity) (10), the Zymomonas mobilis alcohol dehydrogenase (45.3% overall similarity and 33.5% identity) (8), the yeast alcohol dehydrogenase IV (45.3% overall similarity and 31.7% identity) (55), the butanol dehydrogenase from Clostridium acetobutylicum (46.9% overall similarity and 31.2% identical amino acid residues) (56) , and the C-terminus of the E. coli alcohol dehydrogenase AdhE (47.3% overall similarity and 28.9% identity) (15) . A comparison between the EutG protein and the C terminus of AdhE is shown in Fig. 4B . The similarity between these two proteins is strictly confined to the residues located in the second half of the mature E. coli AdhE protein. The EutG protein possesses three amino acid motifs of potential significance for the protein's function. The first one is the ATP/GTP binding motif (P loop) found at positions 235 to 242 (AIAMIGKS) (4, 53) . The second is the motif found in the iron-containing alcohol dehydrogenases at positions 276 to 294 (GLCHAMAHQPGAALHIHG); the cysteine and four histidines (underlined) probably form an ironbinding pocket (17) . In the amino-terminal part of the putative alcohol dehydrogenase, an NAD-binding amino acid motif, Gly-X-Gly-XX-Gly, occurs. These amino acids together with the almost invariant Asp residue positioned 16 to 21 residues toward the C terminus form an NAD-binding pocket (4) . Therefore, the product of eutG is most probably an alcohol dehydrogenase involved in an undescribed step of ethanolamine metabolism.
The product of the eutH gene possesses characteristics of bacterial permeases. A relatively large intergenic region (120 bp) lies between the eutG gene and eutH. A well-conserved Shine-Dalgarno (GGGAG) and Ϫ10 sequences precede the beginning of the eutH gene. The eutH gene encodes a relatively 
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hydrophobic protein with 372 amino acid residues which is similar to the plasmid-encoded product of nreB from Alcaligenes xylosoxydans involved in the resistance to heavy metals (20) and to the cryptic E. coli K-12 mannitol phosphotransferase component involved in the transport of this sugar (46) . Secondary structure analysis of EutH identified several potential transmembrane helices, structures highly indicative of cytoplasmic membrane-located permeases (data not shown). Therefore, EutH is most probably a permease for yet-unknown substrates, possibly ethanolamine. Expression studies of cloned ethanolamine utilization locus. A T7 in vivo expression system (49) was used to identify products of several ORFs located in the 6.3-kb sequence described above. The cchA and cchB genes were expressed from plasmid pIRS504 (Fig. 6B, lane 1) and from pIRS645 and pIRS647 (data not shown) containing PCR-generated fragments which carried cchA and cchB, respectively. In both experiments cchA and cchB genes expressed proteins with sizes of approximately 10 kDa, which agree with the sizes predicted from their nucleotide sequences (9.84 and 10.35 kDa, respectively).
The eutE gene was expressed from two different plasmids, pIRS607 (Fig. 6A) and pIRS504 (Fig. 6B, lane a) . In both cases a protein band of about 53 kDa was detected in the gels (Fig.  6) . When pIRS607 was expressed in the T7 in vivo expression system (Fig. 6A) as well as in an in vitro transcription-translation system, an additional protein band with a molecular mass of 40 kDa was detected. A third protein band, seen only when the in vitro system was used, had a molecular mass of 30 kDa (data not shown). According to their molecular masses, the 40-kDa band should be the product of eutG and the 30-kDa band most probably is the eutF product.
Finally, the T7 expression from the plasmid pIRS501 (Fig.  6B ) gave a 34-kDa product, the size of which is smaller than the predicted molecular mass of the EutH protein (39 kDa). The fuzzy appearance and anomalous migration of the EutH protein in the gels most probably are the results of the hydrophobic nature of the EutH protein, a common finding in the detection of bacterial permeases under these conditions (48) .
As can be seen in Fig. 1 , most inserts are cloned in both directions relative to the T7 promoter with only one insert oriented toward the T7 promoter and expressing protein bands in polyacrylamide gel electrophoresis (PAGE). Plasmid pIRS607 carried the only insert which was cloned in only one direction toward the T7 promoter. Inability to clone the pIRS607 insert in the opposite orientation relative to the T7 promoter may be due to the toxicity of EutEJG overproduction since in this case eutEJG is transcribed from a strong lac promoter (Fig. 1) .
Mutational and complementational analysis of ethanolamine utilization locus. We attempted to inactivate each of six ORFs to study the roles of these genes in the utilization of ethanolamine. Despite several attempts, the inactivation of the cchA gene was not successful. The inability to isolate a cchA::Km r -carrying strain may indicate that the CchA product is essential for cell viability. Several deletions of the entire ethanolamine utilization operon were isolated previously (36, 37) , which seems to exclude the possibility that cchA is an essential gene in salmonellae. The metabolism of ethanolamine produces toxic aldehyde which, if not removed, may kill the cell. We speculate that the CchA product forms a specific microcompartment in which ethanolamine metabolism occurs, protecting cytosolic proteins from aldehyde toxicity. The strain
FIG. 4. Amino acid comparison of E. coli alcohol dehydrogenase (AdhE) (15) to putative ethanolamine acetaldehyde dehydrogenase (EutE) (A) and putative ethanolamine alcohol dehydrogenase (EutG) (B). (A)
The homology between EutE (476 amino acids) and the AdhE (891 amino acids) protein is confined to the amino-terminal part of AdhE, with 48.4% overall similarity (31.9% identity). (B) The homology between EutG (391 amino acids) and the AdhE (891 amino acids) protein is confined to the carboxy-terminal part of AdhE, with 47.3% overall similarity (28.9% identity). The comparison was done by using the PALIGN program from PC/GENE software package (Intelligenetics Inc.).
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carrying the deletion of the complete ethanolamine operon would be perfectly viable since there is no production of a toxic aldehyde and therefore no need for a microcompartment. Strain IR716 carrying a Km resistance cassette in the eutE gene was unable to grow on ethanolamine as a sole carbon source. The same phenotype was observed for mutant strains MS1(eutE::Tn10), IR720(eutG::Km (Fig. 7) . None of the above mutations were complemented for growth on ethanolamine as a carbon source by using different plasmids (Fig. 1) . One obvious explanation for the lack of complementation is polarity, since the ethanolamine utilization operon is much larger than the inserts used in the complementation studies. The other possibility is that for the metabolism of ethanolamine to function properly, the products involved must be present in exact ratios to one another.
All mutants except IR716 and IR720 were able to use ethanolamine as a nitrogen source in a vitamin B 12 -dependent manner (Fig. 7) . Strains IR716 and IR720 grew slowly on ethanolamine as a nitrogen source; a zone of weak growth was observed around a vitamin B 12 -soaked disc when these strains were plated on NCN-glycerol-ethanolamine plates. This phenotype of the mutation in strain IR716 can be fully complemented with plasmids pIRS607 and pIRS500INV but not with pIRS500 or pIRS504. A similar mutation in strain IRS720 can be complemented fully with pIRS607 and partially with pIRS501INV. In this case, large amounts of vitamin B 12 (growth close to the B 12 -soaked disc) inhibit the utilization of ethanolamine as a nitrogen source, while lower concentrations at the periphery of the plate allow growth of strain IR720 (pIRS501INV).
S. typhimurium ethanolamine utilization mutants are slightly attenuated in the mouse model of typhoid. Strain MS1 was initially isolated as a macrophage-sensitive and attenuated S. typhimurium mutant strain (12) . All mutations created in this study were also investigated for virulence in mice and macrophage sensitivity. Strain IR716 was slightly more sensitive to macrophages in vitro (twofold; data not shown), but no attenuation was detected when any mutant strain was injected intraperitoneally into BALB/c mice. A slight increase in the 50% (56) , and S. cerevisiae alcohol dehydrogenase IV (ADH4) (55) . An overall similarity of 41%, with 14.6% identical amino acid residues was found among the five proteins. The comparison was done with the CLUSTAL program from PC/GENE software package. FIG. 6 . PAGE analysis of T7-in vivo-expressed proteins from plasmids pIRS607 (A) and pIRS504 and pIRS501 (B). An SDS-10% polyacrylamide gel was used for the separation of pIRS607-encoded products. A 15% gel was used for the separation of pIRS504 and pIRS501-encoded products (lanes a and b, respectively).
FIG. 7.
Genetic map of part of ethanolamine utilization operon. Mutations in the genes of the ethanolamine operon created in S. typhimurium 14028s are indicated below the map. All mutants were deficient in the utilization of ethanolamine as a carbon source. IR716 and IR720 mutants were deficient in the utilization of both carbon and nitrogen from ethanolamine, but the latter phenotype was leaky; The other three mutants were able to utilize ethanolamine as a nitrogen source. The wild-type strain growing in the vicinity of IR716 and IR720 mutants was partially able to complement their deficiency in the utilization of ethanolamine as a nitrogen source. This complementation was also vitamin B 12 dependent (see the text for details). The wild-type strain (IR715) and mutants (IR841 and IR720) were administered intragastrically in 50% lethal doses (6.7 ϫ 10 5 , 4.5 ϫ 10 6 , and 3.44 ϫ 10 6 , respectively).
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lethal dose was observed when strains IR716 and IR720 were administered per os (Fig. 7) . Distribution of ethanolamine utilization operon among enterobacteria. Southern hybridization with the internal 0.8-kb SalI fragment from the ethanolamine operon was used to study the distribution of the operon among different Salmonella serotypes and other enterobacteria. Under the high-stringency conditions used, the probe detected similar sequences in different E. coli and Shigella isolates and in all Salmonella strains tested (data not shown).
DISCUSSION
Part of an S. typhimurium operon involved in the utilization of ethanolamine was characterized. Nucleotide sequence analysis identified six complete ORFs and two incomplete ones, the first encoding a Salmonella phosphotransacetylase-like enzyme (EutI) and the last encoding an unknown protein (EutX). Mutation analysis of the ethanolamine operon by Roof and Roth identified six complementation groups, the first three of which are involved in the utilization of ethanolamine as a carbon source (37) . Two independent mutations in two strains characterized in this study (MS1 and IR716) were found to be located in the eutE gene, encoding an acetaldehyde dehydrogenase-like enzyme. Therefore, the eutE gene most probably encodes an acetaldehyde dehydrogenase, necessary for the second step of ethanolamine utilization: the processing of acetaldehyde into acetyl-CoA. The high degree of similarity between the EutE protein and the amino-terminal part of E. coli ethanol dehydrogenase AdhE supports this idea, since AdhE has acetaldehyde dehydrogenase activity (22) .
EutD and EutA are two other complementation groups identified as being unable to utilize ethanolamine as a carbon source. The eutD complementation group is positioned proximal to the eutE group and has normal acetaldehyde dehydrogenase activity when tested in vitro (37) . The activity or function which is missing in the eutD mutants is not known. Nucleotide analysis of the genes proximal to the eutE gene identified two small ORFs, the first of which, cchA, could not be inactivated in marker exchange experiments. Therefore, if the mapping data are correct, the eutD mutations might lie in the cchB gene or in the eutI gene proximal to cchA. When cells are growing aerobically on glucose, phosphate acetyltransferase (Pta) together with acetate kinase (Ack) is responsible for the conversion of acetyl-CoA into acetate and the production of ATP from ADP. The same enzymes allow the cell to utilize acetate as a carbon source if there is no other source available (22) . The phosphate acetyltransferase-like activity of EutI might be involved in the production of energy by converting acetyl-CoA into acetate. Acetate kinase can be phosphorylated by acetyl-CoA and can transfer the phosphate group to enzyme I of the bacterial phosphate acetyltransferase system, thereby activating the uptake of different sugars (12a). A functional phosphate acetyltransferase-like enzyme in the ethanolamine utilization would also prevent the accumulation of acetyl-CoA, which would otherwise result in inhibition of acetaldehyde dehydrogenase. Further experiments are needed to corroborate this hypothesis.
The role of the CchB product in metabolism in salmonellae is unknown at present, but similarities with some cyanobacterial proteins involved in carboxysome assembly might give a clue. Namely, both the CchA and CchB proteins might be involved in the formation of a thus-far-unidentified organelle in enterobacteria. The very high degree of homology found between the CchA protein and carboxysome assembly proteins from Cyanobacteria sp. and T. neapolitanus point in the direction of a carbon dioxide-containing organelle. Indeed, small amounts of CO 2 are essential for growth of enterobacteria in vitro (29) . The lag in the growth of a washed stationary-phase inoculum of E. coli is virtually eliminated when suitable concentrations of CO 2 are provided (35, 52) . The similarity of CchA and PduA, a protein involved in 1,2-propanediol metabolism in S. typhimurium (6) , points to some other function of CchA. The products of ethanolamine and 1,2-propanediol metabolism, acetaldehyde and propionaldehyde, can be further utilized either as hydrogen sinks (by reduction to ethanol and propanol, respectively) or carbon and energy sources. Aldehydes are very toxic, and therefore, cytoplasmic components must be protected against them. We speculate that CchA, CchB, and PduA represent a family of proteins involved in the formation of specific microcompartments in the cell in which the metabolism of potentially toxic by-products take place. Indeed, the inability to inactivate cchA or to overproduce EutEJG without overproducing CchAB supports this hypothesis. The role of the EutJ product in ethanolamine utilization is not absolutely clear. The eutJ eutG mutant, IR841, was impaired in the utilization of ethanolamine as a carbon source but not as a nitrogen source. A low degree of similarity with Hsp70 heat shock proteins suggested that the EutJ product is perhaps a chaperone involved in the formation of a multienzyme complex involved in ethanolamine utilization. The other possibility worth exploring is that the eutJ gene product is involved in regeneration of inactive forms of adenosyl-B 12 accumulated within the cell during growth on ethanolamine. Indeed, mutations in the eutA gene located distal to eutE were shown to depend on exogenously supplied adenosyl-B 12 for growth on ethanolamine as a nitrogen source (37) . We were unable to restore any phenotype of our eutE, eutJ eutG, eutG, or eutH mutant by supplying adenosyl-B 12 to the cells. However, the isolation of a nonpolar eutJ mutant is required to identify the function of the EutJ protein. While the eutA mutation was located distal to eutE by genetic mapping, the possibility that the eutA gene lies distal to the eutH gene therefore cannot be ruled out.
Both the significant degree of similarity to several alcohol dehydrogenases and the finding of the signature motif for the iron-containing alcohol dehydrogenases indicate that EutG may be an alcohol dehydrogenase. This would make the EutG enzyme the fourth alcohol dehydrogenase which contains iron instead of zinc in its active site; the other three are E. coli propanediol oxidoreductase (7), alcohol dehydrogenase II from Z. mobilis (8) , and alcohol dehydrogenase IV from S. cerevisiae (55) . The NAD-binding motif in EutG implies that this enzyme uses NAD as a cofactor in the conversion of acetaldehyde into alcohol. eutG mutants were unable to use ethanolamine as a carbon source, and one was also affected in the utilization of ethanolamine as a nitrogen source. These findings clearly show that the putative alcohol dehydrogenase EutG has a role in ethanolamine metabolism, perhaps by ensuring that the toxic product of ethanolamine ammonia lyase, acetaldehyde, does not accumulate in the cell. This might be very important in natural habitats of E. coli and S. typhimurium where the ability to utilize different sources of nitrogen and carbon is of great importance for the survival of the bacteria (13, 16) . Namely, the acetyl-CoA produced by the metabolism of some other sugars can inhibit EutE, causing the accumulation of acetaldehyde produced by ethanolamine ammonia lyase. The presence of EutG would convert the aldehyde into ethanol, eliminating the toxic acetaldehyde and at the same time allowing the cell to use ethanolamine as a nitrogen source.
The function of the EutH protein in the utilization of etha-nolamine was not clearly identified in this study. Mutations in the eutH gene rendered the strain unable to use ethanolamine as a carbon source but did not affect the utilization of ethanolamine as a nitrogen source. The hydrophobic nature of the EutH protein, the similarity to a cryptic mannitol phosphotransferase, and the computer prediction of at least six transmembrane helices formed by the EutH protein gave some clue as to its function. According to these data, the product of eutH may be a permease, a cytoplasmic membrane protein involved in the transport of solutes from periplasm into cytoplasm. An obvious candidate for uptake via this putative permease is ethanolamine, a substrate for the products of neighboring genes. The uptake rate of ethanolamine by strains with mutations in different genes of the ethanolamine operon was invariably reduced compared with the uptake rate for the wild-type Salmonella strain. These results were interpreted as a coupling between the transport and the degradation of ethanolamine, which is known to occur in some other metabolic pathways (33, 37) . However, ethanolamine operon deletion mutants were still able to transport ethanolamine, indicating either that the ethanolamine permease is not encoded by the eut operon or that there is more than one permease involved in ethanolamine transport (37) . Recently, O'Toole and Escalante-Semerena identified a new S. typhimurium locus, positioned at 34 min on the linkage map, involved in ethanolamine metabolism. Mutations in the eutF gene abolished the utilization of ethanolamine as a carbon and a nitrogen source, significantly reduced the transcription of the ethanolamine operon, and virtually eliminated the uptake of ethanolamine (30) . According to these phenotypes, the EutF product is, most likely, an ethanolamine permease or a transcriptional activator of the ethanolamine operon (30) . Several mutants isolated in this study were tested for virulence in the typhoid mouse model. A slight increase in the oral 50% lethal dose was found for strains carrying mutations in eutE and eutG. The defect in ethanolamine utilization may cause the decrease in colonization of the mouse intestine by the mutant strain. However, further experiments are needed to clarify the role of ethanolamine utilization in the colonization of the gastrointestinal tract by S. typhimurium.
